On the properties of Cu2ZnSn(S,Se)4 thin ﬁlms prepared by selenization of binary precursors using rapid thermal processing by Menon, M R Rajesh et al.
On the properties of Cu2ZnSn(S,Se)4 thin films 
prepared by selenization of binary precursors using 
rapid thermal processing 
 
M R Rajesh Menon
1
, Samaneh Ranjbar
1
, M G Sousa
1
, P A Fernandes
1,2 
and A F da Cunha
1 
 
1 I3N-Departamento de Física, Universidade de Aveiro, Campus Universitário de Santiago, 3810-193 Aveiro, 
Portugal. 
 
2 Departamento de Física, Instituto Superior de Engenharia do Porto, Instituto Politécnico do Porto, Rua Dr António 
Bernardino de Almeida, 431, 4200-072 Porto, Portugal. E-mail: rajeshmenon@ua.pt 
 
 
 
 
Abstract 
 
 
Cu2ZnSn(S,Se)4 thin films were grown on molybdenum coated glass substrates by 
selenization of stacked precursor layers of zinc, tin disulfide and copper sulfide. 
Selenization was performed using a rapid thermal processor at maximum temperatures in the 
range of 400 °C to 550 °C and at heating rates of 1 °C /s and 2 °C /s. The compositional, 
morphological and structural characterization of the films was carried out using energy 
dispersive x-ray spectroscopy, scanning electron microscopy, x-ray diffraction and Raman 
spectroscopy. X-ray diffrac- tion and Raman scattering analysis suggests the formation of 
Cu2ZnSn(S,Se)4 only at lower temperatures, whereas Cu2ZnSnSe4 was formed at higher 
tem- peratures regardless of the heating rate used. Compositional analysis revealed that the 
films were Zn-poor and Sn-rich. However, the samples approach a near stoichiometric 
composition due to the loss of tin at a selenization temperature and heating rate of 550 °C and 
2 °C /s, respectively. Large grains with an average lateral dimension of 4.5 μm were observed for 
films prepared at these conditions which are very desirable for an absorber for solar cells. 
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1. Introduction 
 
The search for an efficient and cost-effective absorber material for solar cells is always in the 
forefront of photovoltaic research. Several new materials are being investigated resulting in 
positive implications, but still, Cu2ZnSn(S,Se)4 (CZTSSe) remains a leading candidate at 
present due to its many attractive features such as the abundance and low-cost of its constituent 
elements and potential for higher conversion efficiencies [1]. The preparation of CZTSSe thin 
films usually follows a two-stage process which starts with the deposition of metallic or 
compound precursors and subsequent sulfurization/selenization at high temperatures. A variety 
of techniques were employed to deposit precursor films including physical vapor deposition [2– 
5], electro-deposition [6], using inks of nanoparticle precursors [7, 8] and using hydrazine- 
based pure solution approach [9]. The subsequent sulfurization/selenization process at high 
temperatures is crucial in promoting the grain growth and conversion of precursors to CZTSSe, 
and has significant impact on the properties of the films [10, 11]. However, it may happen that 
there can be loss of elements, especially zinc and tin, during this high temperature step and this 
leads to significant deviation in composition of the resulting films from that of the precursor 
[12–14]. Rapid thermal processing (RTP) is a superior technique compared to a conventional 
annealing system since it involves shorter times in attaining maximum annealing temperatures 
and hence minimizes the loss of volatile components in the precursor and decomposition of 
final product [15]. In this report we employed RTP to selenize precursor stack consisting of 
metallic zinc, tin disulfide and copper sulfide. The processing conditions were varied and its 
effects on the compositional, morphological and structural properties of the films were studied. 
 
 
2. Experimental details 
 
CZTSSe thin films were prepared by a two-step process, the first involving deposition of the 
precursor stack on Mo-coated glass substrate and the second involving its selenization in a rapid 
thermal processor. The precursors used were metallic zinc (Zn), tin disulfide (SnS2) and copper 
sulfide (CuS). Zn was deposited using thermal evaporation of Zn pellets (99.999% purity) from 
a molybdenum crucible whereas an RF magnetron system consisting of compound targets was 
employed to deposit SnS2 and CuS. The sequential deposition of the precursors was carried out 
in an Ar atmosphere, at an operating pressure of 4.0 × 10−3 mbar. The process was repeated in 
  
eight periods to prepare stacked layers of precursors in the order Zn/SnS2/CuS. In order to 
selenize the precursors so as to form CZTSSe, about 1.5 μm thick layer of Se was deposited 
over the precursor stacks after which they were annealed in the RTP furnace using N2 + 5% H2 
gas at a pressure of 1 atm. The precursors were annealed at maximum annealing temperatures of 
400, 450, 500 and 550 °C for 2 min. Two different heating rates were tried viz. 1 °C /s and 2 °C / 
s. These heating rates were selected in order to take advantage of RTP. Unfortunately, higher 
heating rates above 2 °C /s resulted in the delamination of the underlying Mo layer from the 
substrate. All the samples were prepared from a similar precursor stack and the thickness of the 
selenized films were approximately 600 nm. The morphology and the composition of the films 
were investigated by scanning electron microscopy (SEM) and energy dispersive x-ray 
spectroscopy (EDS), using an SU-70 Hitachi combined with a Rontec EDS system, at an 
acceleration voltage of 25 kV. The structural analysis was done using x-ray diffraction (XRD) 
and Raman spectroscopy. XRD patterns were acquired using an XPert MPD Philips 
 
diffractometer in the Bragg–Brentano configuration (θ–2θ), using the Cu-Kα line (λ = 1.5406 Å), 
with the generator settings, 40 mA and 45 kV. Raman measurements were performed in the 
backscattering configuration using a LabRam Horiba HR800 UV spectrometer equipped with 
an Olympus microscope with a 100× magnification lens. Samples were excited using a laser 
line at 532 nm. Sample nomenclature is according to the heating rate (HR) and its maximum 
temperature during selenization. For example, sample selenized at an HR of 2 °C /s and an 
annealing temperature of 500 °C was named as Se-HR2-T500. 
 
3. Results and discussion 
 
3.1. Compositional and morphological analysis 
Figures 1(a) to (h) shows the surface morphologies of the selenized samples for different 
heating rates and maximum annealing temperatures. Comparing these images it can be noted 
that the surface morphology of samples selenized at low temperatures (400 and 450 °C) consists 
of very fine grains regardless of the heating rate used. For samples Se-HR1-T400 and Se-HR1- 
T450 no agglomerations or any other artefacts were observed over the surface, whereas in the 
case of Se-HR2-T400 and Se-HR2-T450, structures in the form of flakes were observed 
throughout the surface. EDS point scan over these structures revealed a [Cu]/[Sn] ratio of 1.27 
  
and [Zn]/[Sn] ratio of 0.48. However, the very fine thickness of these structures suggests that 
the flakes are primarily composed of Sn compounds and the detection of Cu and Zn in EDS are 
from the underlying layers. With increase in annealing temperature, the sample morphology 
changes dramatically with the formation of very large grains with well-defined boundaries 
particularly for Se-HR1-T550, Se-HR2-T500 and Se-HR2-T550. However, comparing samples 
Se-HR1-T500 and Se-HR1-T550 with Se-HR2-T500 and Se-HR2-T550, it is evident that 
higher heating rate is beneficial, with the latter set of samples having grains with more than 
double the size of their former counterparts. Sample Se-HR2-T550 consists mostly of large size 
grains with an average lateral size of 4.5 μm. This is quite a desirable quality for an absorber 
material for solar cell. The composition of all the samples measured by EDS is given in table 1. 
All the samples were basically Zn-poor and Sn-rich. However, the Zn/Sn ratio shows an 
increase with annealing temperature indicating that more Sn is being lost at higher temperatures. 
The loss of Sn is more evident in the case of Se-HR2-T550 for which the film composition 
becomes nearly stoichiometric. 
 
3.2. Structural analysis 
Figure 2 shows the XRD pattern of the samples selenized at maximum temperatures of 400, 
450, 500 and 550 °C with a heating rate of 1 °C /s. All the samples clearly show the (112) 
kesterite peak located at a diffraction angle in range between 27–28°; and the (110) reflection of 
Mo located at around 40.4°. For Se-HR1-T400, the (112) reflections are located at 2θ = 27.71° 
which is midway between the (112) peak positions of Cu2ZnSnSe4 (2θ = 27.16°; ICDD card no. 
04-010-6295) and Cu2ZnSnS4 (2θ = 28.44°; ICDD card no. 01-080-8225). This suggests that 
the sample is composed of a mixed phase viz. CZTSSe. Following the method employed by 
Salome et al [4] the amount of sulfur present in the sample was estimated to be about 43% (see 
table 2). With the (112) peak being shifted to 27.38° for sample Se-HR1-T450, the estimated 
sulfur content was only 17.2%. Still lower sulfur concentration was estimated for Se-HR1-T500 
  
 
 
 
Figure 1. SEM images of samples selenized at different annealing temperatures and 
with different heating rates. (a) Se-HR1-T400, (b) Se-HR1-T450, (c) Se-HR1-T500, (d) 
Se-HR1-T550, (e) Se-HR2-T400, (f) Se-HR2-T450, (g) Se-HR2-T500 and (h) Se- 
HR2-T550. 
  
 
 
Figure 2. XRD patterns of samples selenized at a heating rate of 1 °C /s. 
 
Table 1. Composition ratio of metallic elements present in the samples. 
 
Sample 
 
[Cu] 
[Zn] + [Sn ] 
 
[Zn] 
 
[Sn ] 
 
[Cu] 
 
[Zn] 
 
[Cu] 
 
[Sn ] 
  
[S] 
Se-HR1-T400 1.11 0.51 3.32 1.68 
Se-HR1-T450 1.07 0.55 3.01 1.67 
Se-HR1-T500 1.08 0.56 3.01 1.69 
Se-HR1-T550 1.17 0.68 2.89 1.96 
Se-HR2-T400 0.89 0.68 2.19 1.49 
Se-HR2-T450 1.03 0.67 2.57 1.73 
Se-HR2-T500 1.09 0.76 2.52 1.91 
Se-HR2-T550 1.05 0.84 2.31 1.93 
 
 
 
Table 2. (112) peak position and the estimated sulfur content for the samples. 
 
 
([S] + [Se])  
(%) 
43 
17 
10 
5 
61 
10 
0 
0 
 
 
 
and Se-HR1-T550 since the (112) peak shifts more and more close to that of Cu2ZnSnSe4 
(CZTSe). Nevertheless, allowing for an error margin of ±5% in the calculations, it can be 
assumed that samples Se-HR1-T500 and Se-HR1-T550 consist of selenide phases only. Except 
for Se-HR1-T550, no peaks corresponding to secondary phases were observed. Se-HR1-T550, 
in addition to the characteristic peaks of CZTSe and Mo, exhibits a strong peak at 31.03°. The 
 
 
 
Figure 3. XRD patterns of samples selenized at a heating rate of 2 °C /s. 
 
reason for the presence of this peak only in this sample is unclear. However, it may be attributed 
 
Sample name 
 
(112) peak position (degrees) 
Se-HR1-T400 27.71 
Se-HR1-T450 27.38 
Se-HR1-T500 27.29 
Se-HR1-T550 27.22 
Se-HR2-T400 27.94 
Se-HR2-T450 27.29 
Se-HR2-T500 27.16 
Se-HR2-T550 27.16 
 
  
to the α-SnSe phase with the orthorhombic structure (ICDD card no. 04-006-8169). Meanwhile, 
signatures of other phases such as Cu2SnSe3 (CTSe), Cu2SnS3 (CTS) or Cu2Sn(S,Se)3 (CTSSe) 
which are expected to be present due to the Sn excess in these samples could not be confirmed 
from XRD. 
As seen from the SEM images, the heating rate of 2 °C /s has a dramatic influence on the 
morphology of the samples. This is also evident in the XRD pattern of the samples (see 
figure 3). Sample Se-HR2-T400 shows the characteristic peaks of CZTSSe with the dominant 
peak at 27.94° and the (110) peak of Mo at 40.4°. Apart from these peaks, a small peak at 
14.53° is observed in the diffraction pattern which can be due to hexagonal SnSe2 phase (ICDD 
card no. 01-089-2939) present in the sample. Recalling from the SEM analysis that Se-HR2- 
T400 and Se-HR2-T450 consists of flake-like formations over the surface which are presumed 
to be related to some phases of Sn, it is probable that the reflections at 14.53° are from these 
flakes themselves. For Se-HR2-T450, this peak becomes very intense, indicating the formation 
of highly crystalline SnSe2 phases. The (112) kesterite peak for this sample is shifted to 27.29°, 
indicating a considerable loss of sulfur at this temperature. At 500 °C, the SnSe2 phases 
disappear completely and only the characteristic peaks of CZTSe, Mo and α-SnSe are observed. 
The sample becomes completely selenized at this temperature without any trace of sulfur 
remaining. At 550 °C, the α-SnSe phase also vanishes and the sample consists of only the 
CZTSe phase. 
Raman spectra of the samples Se-HR1-T400, Se-HR1-T450, Se-HR1-T500 and Se-HR1- 
T550 are presented in figure 4. All the spectra except for Se-HR1-T400 are similar with major 
peaks at about 173, 195 and 235 cm−1 and a faint peak at 330 cm−1. Peaks at 173, 195, 235 cm−1 
are characteristic of the CZTSe phase present in the sample [16, 17] while the peak at 330 cm−1 
is assigned to the Cu2ZnSnS4 (CZTS) phase [16, 17]. For Se-HR1-T400, the Raman spectra 
consists of a very broad peak in the range 150 to 250 cm−1, a close inspection of which reveals 
several overlapping peaks at about 173, 180, 195, 209, 219 and 235 cm−1. Also, a peak at 
330 cm−1 with a shoulder at 350 cm−1 is observed for this sample. These peaks can be assigned 
to CZTSe (173, 195 and 235 cm−1), CZTSSe (209, 330 and 350 cm−1) [16], CTSe (180 and 
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Figure 4. Raman spectra of samples Se-HR1-T400, Se-HR1-T450, Se-HR1-T500 and 
Se-HR1-T550. 
 
 
 
 
Figure 5. Raman spectra of samples Se-HR2-T400, Se-HR2-T450, Se-HR2-T500 and 
Se-HR2-T550. 
 
235 cm−1) [18] and SnS (219 cm−1) [19] phases present in the surface layers of the sample. 
However, no information about the CTSe and SnS phases was obtained from the XRD analysis 
of this sample. 
Raman spectra of samples annealed at heating rate of 2 °C /s (figure 5) also shows a similar 
trend as compared to the samples prepared at heating rate of 1 °C /s. However, compared to the 
spectrum of Se-HR1-T400 no peaks corresponding to CTSe and SnS were observed for Se- 
HR2-T400 whereas additional peaks at 127, 191, 254 and 362 cm−1 were detected. The peak at 
127 and 191 cm−1 may be assigned to Sn(S Se 0.8)2 [20, 21] and the one at 254 cm
−1 could be 
  
due to amorphous selenium as indicated in earlier reports [21]. The peak at 362 cm−1 is 
associated with CZTS [16, 17], the fact being it is shifted to lower wavenumbers just like the 
 
 
 
Figure 6. Raman spectra of Se-HR2-T400 and Se-HR2-T450. Solid and dotted lines 
represent the spectra recorded from the film matrix and grain (flake-like structure), 
respectively. 
 
peak at 331 cm−1 due to the replacement of sulfur atoms by selenium within the CZTS 
lattice [16]. 
Again, Raman analysis was employed to have conclusive information about the exact 
nature of the flake-like growth over the surface of samples Se-HR2-T400 and Se-HR2-T450. 
Figure 6 gives a comparison between spectra recorded from the grains (flakes) and from the area 
devoid of these features. Raman measurements clearly show two well defined peaks at 126 and 
190 cm−1  for these grains which may be assigned to Sn(S Se ) phases as mentioned 
0.2 0.8 2 
  
previously. Looking into the spectra recorded from the film matrix, it may be noted that these 
mixed phases are present only in Se-HR2-T400. Hence, it is reasonable to assume that at 450 °C 
almost all of the excess Sn in the film matrix has segregated over the surface to form 
Sn(S0.2Se0.8)2 grains. 
 
 
4. Conclusions 
 
Rapid thermal processing was employed to prepare kesterite CZTSSe thin films from stacked 
precursor layers. The effect of selenization temperature and heating rate on the compositional, 
structural and morphological properties of the films was investigated. Results suggest that high 
heating rate and high annealing temperature is necessary to obtain films with good crystallinity 
and to avoid the formation of secondary phases. However, it appears that the amount of sulfur 
present in the precursors is not sufficient to produce a CZTSSe phase at these temperatures and 
that additional supply of sulfur during annealing is required. Higher sulfur content in the film 
was observed only at low selenization temperatures. It is also worth mentioning that sulfur in 
the precursor gets easily replaced by selenium with increase in temperature. Films prepared at 
the selenization temperature of 550 °C and heating rate of 2 °C /s were found to be the best in 
terms of composition, morphology and structural properties. The films prepared in those 
conditions were composed of very large grains with average lateral size of about 4.5 μm with a  
composition that is nearly stoichiometric. It was concluded from XRD and Raman analysis that 
the film was devoid of any secondary phases. 
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